The Shiga toxin (Stx)-producing Escherichia coli (STEC) serotype O157:H7 and several non-O157:H7 serotypes have emerged worldwide as the causes of diarrhea, hemorrhagic colitis, and a life-threatening hemolytic-uremic syndrome (HUS) (3, 8, 9, 10, 13, 15, 17, 18, 22, 26, 28, 31, 43, 48, 52) . The pathogenicity of STEC is based on the production and release of one or more Stx types (38) , which include two major toxin types (Stx1 and Stx2) and a number of variants, of which Stx1c, Stx1d, Stx2c, Stx2c2, Stx2d, Stx2d activatable , Stx2e, and Stx2f have been identified in STEC strains isolated from humans (7, 15, 17, 27, 32, 34, 39, 40, 41, 42, 50) . Stx2 is clinically the most important Stx type, which is significantly associated with severe outcomes of human infections including HUS (9, 15, 43, 52) .
Not only are Stx types the major virulence factors of STEC strains (47) , but they and their encoding genes are also exploitable targets for laboratory diagnosis of these pathogens. Conventional PCR (20) , real-time PCR (5, 27, 35, 36) , and colony blot hybridization (19) have been used to detect the stx genes. Stx secreted by STEC strains is detected by using the Vero cell cytotoxicity assay (24) , the enzyme immunoassay (EIA) (12) , latex agglutination (23) , and colony immunoblotting (21) . Several assays are commercially available. A prerequisite for the successful detection of Stx is the production and secretion of the protein in amounts sufficient for detection.
We have recently shown that STEC strains that possess the stx 2 gene variants secrete Stx in amounts that are below the level of detection by conventional techniques (51) . Because such strains are not detected in clinical microbiological laboratories that rely solely on Stx detection, there is a need to improve the sensitivity of Stx detection procedures. The sensitivity of Stx detection can be enhanced by using the immuno-PCR technique, in which antibody capture is combined with DNA amplification. This method has been used to detect trace amounts of antigens such as cytokines, hormones, and viral antigens (1, 2, 4, 11, 14, 16, 29, 37) . Here, we developed a highly sensitive immuno-PCR based on a direct EIA system and suitable for the detection of Stx2 and its variants.
MATERIALS AND METHODS
Bacterial strains. STEC strains were isolated at the Institute of Hygiene and Microbiology, University of Würzburg, Würzburg, Germany, and at the Institute of Hygiene, University of Münster, Münster, Germany, using a protocol described previously (15, 31) . The isolates were serotyped and characterized for their stx genotypes (51) .
EIA for the detection of Stx. Stx in stool cultures was detected using a commercial EIA (Ridascreen Verotoxin enzyme-linked immunoassay; R-Biopharm, Darmstadt, Germany) (35) . The assay was performed with supernatants of stool cultures enriched overnight in tryptic soy broth (TSB) containing mitomycin C (50 ng/ml) (Sifin, Berlin, Germany), according to the manufacturer's instructions.
Purification of Stx. Stx2 was purified as described previously (30) from E. coli C600 lysogenized with stx 2 -harboring bacteriophage 933W, originating from E. coli O157:H7 strain EDL933 (45) . Briefly, the toxin was eluted from agar plates showing confluent lysis after inoculation with strain C600(⌽933W). After bacterial debris was removed by low-speed centrifugation, the supernatant was precipitated with 50% ammonium sulfate and applied to Sepharyl S200 columns. Fractions with cytotoxic activity in the molecular range between 30 and 80 kDa were concentrated by vacuum extraction. Toxin was further purified by using an Affi-Gel Blue column and further purged by chromatofocusing and high-performance liquid chromatography.
Biotinylation of antibodies and conjugation of streptavidin to reporter DNA. The Stx2 antigen was detected by using a monoclonal anti-Stx2 antibody (Sifin, Berlin, Germany); the antibody (clone VT136/8-H4) belongs to the immunoglobulin G1 class and reacts with the B subunit of Stx2. The antibody was conjugated to biotin [sulfosuccin-imidyl-6(biotinamido)hexanoate] according to the manufacturer's instructions (Molecular Biosciences, CO). Briefly, a solution of 50 g of freshly prepared biotin was mixed with 500 g of the anti-Stx2 antibody in 100 mM NaHCO 3 (pH 8.5). After a 1-h incubation at room temperature, the antibody was stored at 4°C until use.
A biotinylated 296-bp DNA fragment originating from the plasmid pUC19 (Fermentas, St. Leon-Rot, Germany) was amplified by using PCR with the primers pUC-bio (5Ј-biotin-CCC GGA TCC CAG CAA TAA ACC AGC CAG CC-3Ј) and pUC-2 (5Ј-GCC AAC TTA CTT CTG ACA AC-3Ј) (synthesized by Sigma Genosys, Taufkirchen, Germany). A BamHI-restriction site was included in the first primer to enable a specific enzymatic restriction. The product was purified by using a QIAquick PCR purification kit (Qiagen, Hilden, Germany). The biotinylated DNA (1 M) was mixed with 2 M recombinant streptavidin (Roche, Mannheim, Germany) in Tris-buffered saline (TBS; 10 mM Tris [pH 7.3], containing 150 mM NaCl), incubated for 30 min at room temperature, and frozen at Ϫ20°C until used.
Immuno-PCR assay. TopYield strip wells (Nunc, Roskilde, Denmark) were coated with the purified Stx2 preparation or bacterial supernatants (30 l/well) and incubated for 16 h at 4°C. Ten-fold dilutions of Stx2 were prepared in sodium carbonate buffer (pH 9.5), starting from 1 g/ml. Plates were washed five times with TBS, and nonadsorbed sites were blocked with 200 l/well of blocking buffer (TBS containing 4.5% skim milk powder, 5 mM EDTA, and 1 mg/ml herring sperm DNA) for 1 h at room temperature. After wells were washed five times with TBS-TE (TBS containing 0.05% Tween 20 and 5 mM EDTA), 30 l of biotinylated anti-Stx2 antibody (final concentration of 34 ng/ml) was added to each well. Incubation followed, for 30 min at 37°C, and wells were finally washed five times with TBS-TE. The biotinylated DNA conjugated with streptavidin was diluted 1:20 in TBS, and 30 l was added to each well and incubated for 30 min at room temperature. After wells were washed eight times with TBS-TE, followed by five washes with TBS, the wells were incubated for 1 h with TBS to remove unbound DNA. Bound DNA was detached from the complex by incubating the wells with 30 l of restriction buffer containing 1 U of BamHI (2 h, 37°C). The released DNA was collected into new tubes, and aliquots were used as templates in PCR.
Signal amplification by real-time PCR and by conventional PCR. To amplify the signal of the immune complex, real-time PCR was performed with a LightCycler system (Roche, Mannheim, Germany) using a QuantiTect SYBR Green PCR kit (Qiagen, Hilden, Germany). PCRs were prepared in microcapillary 
RESULTS AND DISCUSSION
Development and optimization of immuno-PCR. A highly sensitive immuno-PCR assay, which is based on a direct EIA system, was developed for the detection of Stx2 and its variants (Fig. 1) . Because proteins and/or excess DNA can interfere with PCR, DNA bound to the antigen-antibody complex was detached by enzymatic restriction (Fig. 1) , collected, and subsequently amplified with PCR. Under optimized conditions, the immuno-PCR allowed the detection of Ն10 pg/ml of purified Stx2 (Fig. 2) , compared to 1 ng/ml of the toxin that was detectable with a commercial EIA. Because nonspecific signals would occur with an increase in the cycle numbers to more than 30 (Fig. 2) , the number of cycles was limited to 30.
Evaluation of the anti-Stx2 antibody used in the immuno-PCR to detect Stx2 variants. To investigate the ability of the monoclonal anti-Stx2 antibody (clone VT136/8-H4) to recognize Stx2 and also Stx2 variants produced by STEC strains isolated from humans (15), reference STEC strains producing Stx2 or different Stx2 variants produced as a single Stx were tested by using a colony immunoblot assay (Shiga toxin [Verotoxin] colony immunoblot; Sifin, Berlin, Germany) which uses this antibody to detect Stx2. The anti-Stx2 antibody recognized Stx2c, Stx2d, Stx2d activatable , and Stx2e but not Stx2f (Table 1) , which displays only 57.4% nucleotide sequence homology of its B subunit to the B subunit of Stx2 (39) . Moreover, the ability of the anti-Stx2 antibody was evaluated for the detection of the Stx2 variants in the immuno-PCR (Table 1) . Again, all Stx2 variants except for Stx2f could be detected in culture supernatants of the reference STEC strains, up to the dilution of 1:100 (Table 1) .
Detection of Stx in low-Stx producers, using immuno-PCR. The optimized immuno-PCR was subsequently adapted for conventional PCR and used to reassay Stx in six STEC strains, which, despite the presence of intact stx genes, tested Stx negative by using conventional toxin detection assays including the Vero cell test, EIA, latex agglutination, and Stx colony immunoblotting (51) . Bacterial supernatants from cultures in TSB containing mitomycin C were used to coat the plates, and Stx2 detection was performed as described above. This permitted the detection of Stx in supernatant dilutions of up to 1:10 ( Table 2 ; Fig. 3, lanes LP1 and LP2) . Supernatants of strains that produced Stx at levels that were detectable by the conventional assays were used for comparison, and they tested positive with the immuno-PCR at dilutions of up to 1:100 (Table 2) . Thus, using the sensitive immuno-PCR technique, all six STEC strains that were not detected with conventional 
a Conventional assays include the Vero cell cytotoxicity assay, the Stx enzyme immunoassay (R-Biopharm), the latex agglutination assay (VTEC-RPLA; Denka Seiken, Coventry, United Kingdom), and Stx colony immunoblotting (Sifin). ϩ, positive result; Ϫ, negative result. Identical results were obtained with all of the conventional assays for each strain.
b Immuno-PCR detection response to various supernatant dilutions. ϩ, PCR product present; Ϫ, PCR product absent; ND, not done. assays were identified as Stx producers, notwithstanding their low levels of Stx production. In contrast, culture supernatants of the 20 stx gene-negative E. coli strains, including the laboratory E. coli strain C600 (Fig. 3) , which were tested as controls to determine the specificity of the observed immuno-PCR signals, were negative with the immuno-PCR ( Table 2) .
Detection of Stx in enriched stool cultures, using immuno-PCR. Next, we investigated the ability of the immuno-PCR to detect Stx2 in enriched stool cultures that were stx 2 positive by PCR screening but Stx negative by using a commercial EIA (Ridascreen Verotoxin enzyme-linked immunoassay; R-Biopharm), which is widely used to screen for STEC strains in clinical and environmental samples (6, 10, 35) . The samples were enriched in TSB medium containing mitomycin C, and supernatants of the enriched cultures were tested using the Ridascreen EIA and the immuno-PCR. The immuno-PCR detected Stx2 in all three stool cultures (Fig. 3 , lane S1 to S3; Table 2 ) that tested negative with the EIA. In contrast, none of 10 stool cultures that were stx negative with PCR screening produced any signal in the immuno-PCR (Table 2 and Fig. 3 , lanes S4 and S5), demonstrating the specificity of Stx detection in stool cultures.
Our data demonstrate that the immuno-PCR method developed in this study is ϳ100-fold more sensitive than the EIA for the detection of purified Stx2 and can detect the toxin and its variants Stx2d and Stx2e in STEC isolates, as well as in patients' enriched stool cultures, which tested negative for Stx with the EIA. Moreover, we show that the anti-Stx2 antibody used in the immuno-PCR is also able to recognize, in addition to the Stx2 types listed above, other presently known Stx2 variants associated with human disease, specifically Stx2c and Stx2d activatable (Table 1) . Therefore, the immuno-PCR is also potentially useful for the detection of, in addition to Stx2d and Stx2e, low amounts of Stx2c and Stx2d activatable in STEC isolates, as well as in patients' enriched stool cultures. The failure of the antibody to recognize Stx2f (in both the immuno-PCR and the EIA), likely as a consequence of the low amino acid sequence homology between the B subunits of Stx2f and Stx2 (39), is not critical for the applicability of the immuno-PCR in clinical laboratories because STEC strains producing Stx2f are only extremely rarely associated with human diseases (15, 41) .
Because of its high sensitivity, the immuno-PCR is suitable for routine use in clinical microbiological laboratories, especially for patients with suspected STEC infections who test Stx negative with conventional toxin assays. This is particularly important also because E. coli O157:H7, the STEC strain with the strongest association with outbreaks and severe illness (15, 47) , might be overlooked using EIAs (26, 28, 49) , probably because the in vitro Stx production is not consistently above the level of detection by such methods (28, 49) . Moreover, we believe that after optimization and standardization for a particular purpose, the immuno-PCR has additional potential applications such as for the detection of low amounts of Stx in body fluids such as urine. Specifically, using urine samples spiked with purified Stx2, we could show that the immuno-PCR was able to detect Ն10 pg of Stx2 per ml of urine, the level of sensitivity comparable to that for the detection of Stx2 in culture supernatants (authors' unpublished data). This suggests that the immuno-PCR might be useful for the detection of Stx2 (and its variants) in the urine in those rare cases of HUS which follow a urinary tract infection (25, 44, 46) , enabling a more precise evaluation of the etiological association of the STEC isolated from the patient's urine with the underlying HUS. In contrast, our immuno-PCR protocol in its present form was not able to detect Stx2 in filtrates of stool samples spiked with various Stx2 concentrations ranging from 100 ng/ml to 10 pg/ml (unpublished data). The absence of a measurable signal even in the presence of 100 ng/ml of Stx2, which could be detected by a commercial EIA, probably results from the inability of the Stx2 present in the filtrate to bind the anti-Stx2 antibody, likely as a consequence of a blocking effect of other proteins and/or other substances present in the stool. Because the highest Stx2 concentration (100 ng/ml) could be detected by using a commercial EIA, in which an anti-Stx2 antibody rather than a sample is used to coat the microtiter plate, we believe that a modification of the immuno-PCR to a sandwich system similar to that used in the EIA will allow the detection of Stx2 in stool filtrates and will increase the sensitivity of the Stx2 detection compared to that of the EIA. This project is currently under way in our laboratory.
Because of its ability to detect, with a high sensitivity, the presence of Stx, which in turn, suggests the presence of living STEC organisms in the stool sample, the immuno-PCR represents a useful adjunct to DNA-based STEC screening methods, such as various PCR protocols, which also provide positive signals with nonliving bacteria. However, in every case, the positive result obtained with a screening method needs to be confirmed by the isolation of the infecting STEC strain from the stool sample. Only such an approach enables us to confirm the specificity of the nonculture test and to perform further, thorough characterizations of the isolate, which is necessary for microbiological, diagnostic, and epidemiological purposes. 
